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ABSTRACT 
Scaffolds are porous three-dimensional structures that can adapt to the mechanical and 
biological needs required for bone tissue to repair. The main issues associated with current 
scaffolds are biocompatibility and the stress shielding effect. Currently, there are no scaffolds 
that can meet the characteristics required for hard tissue applications. A prior study found a 
promising development in this field, which involved the use of sugar pellets as a space holder 
material to fabricate porous scaffolds. The aim of this study was to further investigate the use 
of sugar pellets as a space holder material to manufacture porous titanium scaffolds.  
 
Scaffolds of 30, 40, 50 and 60 % porosity were manufactured using spherical sugar pellets and 
a simple powder metallurgy technique. The sugar pellets were mixed with titanium hydride-
dehydride powder and uniaxially compacted, thereafter the sugar pellets were removed prior to 
sintering by dissolution in water. Although the measured porosities were about 5 % lower than 
the theoretical value; well distributed, spherical shaped pores with interconnectivity reaching 
94% were observed. Elastic moduli of 38.1 and 33.7 GPa were achieved for porosities of 30 
and 40 % respectively.  
 
These scaffolds show great biocompatibility potential due to their highly connected structure 
which can allow for bone fixation and fluid movement. Additionally, sugar pellets are made 
from starch and sucrose which are safe in the human body. The elastic modulus is comparative 
to that of bone, thus significantly reducing the effects of stress shielding. The results 
demonstrate great potential for the use of sugar pellets as a space holder material, however 
further experimentation is required to determine the effects of fabrication parameters on the 
properties of the scaffolds. Additionally, it is recommended that an in-vivo study be conducted 
for a complete biocompatibility analysis.  
  
iv 
 
TABLE OF CONTENTS 
Acknowledgements ..................................................................................................................... i 
Abstract ...................................................................................................................................... iii 
Table of Contents ...................................................................................................................... iv 
List of figures ......................................................................................................................... vi 
List of tables ......................................................................................................................... viii 
Abbreviations ............................................................................................................................ ix 
1 Introduction ............................................................................................................................. 1 
1.1 Aim and Objectives .......................................................................................................... 2 
1.2 Scope ................................................................................................................................. 3 
1.3 Industry Contribution ........................................................................................................ 3 
2 Literature Review .................................................................................................................... 4 
2.1 Human Bone ..................................................................................................................... 4 
2.2 Titanium ............................................................................................................................ 6 
2.2.1 𝜶-alloys ...................................................................................................................... 7 
2.2.2 Fully 𝛼-alloys ............................................................................................................. 7 
𝟐. 𝟐. 𝟑 𝜶/𝜷 alloys ................................................................................................................. 8 
2.2.4 𝛽-alloys ...................................................................................................................... 9 
2.2.5 Titanium as a Biomaterial ........................................................................................ 10 
2.3 Porous Scaffolds ............................................................................................................. 11 
2.4 Fabrication Methods ....................................................................................................... 12 
2.4.1 Solid State Foaming ................................................................................................. 12 
2.4.2 Space Holder Method ............................................................................................... 13 
2.5 Space Holder Materials ................................................................................................... 14 
3 Experimental Procedure ........................................................................................................ 20 
3.1 Apparatus ........................................................................................................................ 20 
3.2 Sample Fabrication Procedure ........................................................................................ 21 
3.3 Porosity Measurement Procedure ................................................................................... 23 
3.4 Metallography Procedure ................................................................................................ 23 
3.4.1 Grinding Method ...................................................................................................... 23 
3.4.2 Polishing Method ..................................................................................................... 24 
3.4.3 Etching Procedure .................................................................................................... 25 
3.5 Compression test procedure ............................................................................................ 25 
4 Results ................................................................................................................................... 26 
4.1 Microscopy Results ......................................................................................................... 26 
v 
 
4.2 Porosity Results ......................................................................................................... 28 
4.3 Compression Test Results ............................................................................................... 30 
5 Discussion .............................................................................................................................. 35 
6 Conclusion ............................................................................................................................. 41 
7 Recommendations ................................................................................................................. 43 
8 References ............................................................................................................................. 44 
9 Appendices ............................................................................................................................ 49 
Appendix A: Sample Fabrication Mass ................................................................................ 49 
Appendix B: Porosity Calculation ........................................................................................ 49 
Appendix C: Microscopy Images ......................................................................................... 50 
Appendix D: Dimensions of samples for mechanical testing ............................................... 52 
 
  
vi 
 
LIST OF FIGURES 
Figure 1: Bone Structure [1] ....................................................................................................... 4 
Figure 2: SEM of 22-Year Old Male Human Bone [12] ............................................................ 5 
Figure 3: Mechanical Behaviour of Cancellous Bone [11] ........................................................ 5 
Figure 4: A) HCP Structure B) BCC Structure [14] ................................................................... 6 
Figure 5: Classification Categories for Ti [13] ........................................................................... 7 
Figure 6: Equiaxed 𝛼 of Unalloyed Ti Sample [16] ................................................................... 8 
Figure 7: A) Equiaxed 𝛼 + 𝛽 B) Acicular 𝛼 + 𝛽 in Ti-6AL-4V Sample [16] ............................ 8 
Figure 8: Pseudo-binary 𝛽-isomorphous Phase Diagram [13] ................................................... 9 
Figure 9: Equiaxed 𝛽 in Ti-13V-11Cr-3Al [16] ....................................................................... 10 
Figure 10: Requirements for Scaffolds for use in Implants [22] .............................................. 10 
Figure 11: SEM of Porous Ti [25] ............................................................................................ 12 
Figure 12: Solid State Foaming Procedure [26] ....................................................................... 13 
Figure 13: Optical Micrograph of Interconnected Region [26] ................................................ 13 
Figure 14: Space Holder Method [4] ........................................................................................ 14 
Figure 15: SEM Micrograph of 60 % Porosity Sample [31] .................................................... 15 
Figure 16: SEM of Sintered 60 % Scaffold [33] ...................................................................... 15 
Figure 17: CT Cross Section of Porous Scaffold [32] .............................................................. 16 
Figure 18: Microscopy Images for Ti Scaffolds with Varying Porosities and Sugar Pellet Size 
[36] ........................................................................................................................................... 18 
Figure 19: SEM of Polished Cross Secion [36] ........................................................................ 19 
Figure 20: A) 3D Turbula Mixer B) Cylindrical Mould .......................................................... 21 
Figure 21: Carver Laboratory Press.......................................................................................... 22 
Figure 22: A) Tube Furnace B) Sintered 30% Sample ............................................................. 22 
Figure 23: Axis of Cut .............................................................................................................. 23 
Figure 24: Struers TegraPol-31 Grinding/Polishing Machine .................................................. 24 
Figure 25: A) Machined 40 % Sample B) Compression Test Set-up ....................................... 25 
Figure 26: Microstructure of Etched 30 % sample at Varying Magnifications A) x20 
Magnification B) x50 Magnification ........................................................................................ 26 
Figure 27: Microstructure of Porous Samples at a Magnification of x2.5 ............................... 27 
Figure 28: Relationship Between Increasing Porosity with the Average Open and Closed 
Porosity ..................................................................................................................................... 29 
Figure 29: Relationship between Theoretical and Interconnected Porosity ............................. 29 
Figure 30: Fractured Samples after Compression Testing ....................................................... 30 
Figure 31: Stress-strain Curves for CP-Ti ................................................................................ 31 
vii 
 
Figure 32: Magnified Stress-strain Curves for CP-Ti .............................................................. 31 
Figure 33: Stress-strain Curves for 30 % Porosity Samples ..................................................... 32 
Figure 34: Magnified Stress-strain Curves for 30 % Porosity Samples ................................... 32 
Figure 35: Stress-strain Curves for 40 % Porosity Samples ..................................................... 33 
Figure 36: Stress-strain Curves for 40 % Porosity Samples ..................................................... 33 
Figure 37: Measured Elastic Modulus for Varying Theoretical Porosities .............................. 34 
Figure 38: Effect of Compaction Pressure on the Green Density of CP-Ti with Varying 
Particle Size [42] ...................................................................................................................... 36 
Figure 39: Effect of Sintering Temperature on Relative Density for CP-TI with Various 
Sintering Methods [44] ............................................................................................................. 36 
Figure 40: Contour Plot of Stress Distribution in Porous CP-Ti Scaffold [43] ........................ 38 
Figure 41: Microstructure of Etched 30 % Sample at a Magnification of x20 ........................ 50 
Figure 42: Microstructure of Etched 30 % Sample at a Magnification of x50 ........................ 51 
Figure 43: Microstructure of Porous Samples at a Magnification of x10 ................................ 51 
 
  
viii 
 
LIST OF TABLES 
Table 1: Project Scope ................................................................................................................ 3 
Table 2:Characteristics of Common Metallic Implant Materials [22] ..................................... 11 
Table 3: Material and Apparatus Required for Different Procedures ...................................... 20 
Table 4: Grinding Parameters for SiC Grit Paper of Varying Grit ........................................... 24 
Table 5: Porosity Measurements .............................................................................................. 28 
Table 6: Measured Elastic Modulus ......................................................................................... 34 
Table 7: Recommendations for Future Work ........................................................................... 43 
Table 8: Quantity of Constituents Required to Produce Scaffolds of Varying Porosities ....... 49 
Table 9: Dimensions of Machined Samples ............................................................................. 52 
 
  
ix 
 
ABBREVIATIONS 
 
Ti Titanium 
CP-Ti Commercially Pure Titanium 
𝛼 Alpha 
𝛽 Beta 
Micro-CT Micro Computed Tomography 
SEM Scanning Electron Microscope 
HCP Hexagonal Closed-packed 
BCC Body-centered Cubic 
Ti-HDH Titanium Hydride-dehydride 
 
 
 
 
 
 
1 
 
1 INTRODUCTION  
Bone is considered a smart material due to its ability to regenerate and accommodate for its 
chemical, biological and mechanical functions [1]. If bone is fractured beyond a point within 
its critical range it is unable repair the fracture, thus the need for the treatment of these fractures 
is required. Scaffolds are porous three-dimensional structures that can adapt to the mechanical 
and biological needs required for bone tissue to repair, and have been used as treatment methods 
in the repair of these fractures [1]. Scaffolds can be designed for each application to ensure that 
they represent the size, shape and biocompatibility of the affected area; allowing for tissue 
conduction [2]. Tissue conduction refers to the ability of the scaffold to allow attachment, 
migration, production and diversification of cells [2]. It is important for scaffolds to have low 
elastic modulus, corrosion resistance, excellent wear, high strength and biocompatibility [3]. 
With the projected increase in the aged population, and the rising number of aged people 
requiring failed tissue replacement, there is a significant demand for scaffolds. Hard tissue 
failure rates are higher with regard to elderly people and it is predicted that by the year 2050, 
21.5% of the global population will be over the age of 60 [4, 5]. However, the use of scaffolds 
is limited by shortage of supply, increased fracture rates and donor site morbidity [3].   
It is predicted that total hip replacements (THR) will rise by 174 % and total knee replacements 
(TKR) will grow by 673 % by 2030 [3]. Currently, the life of scaffolds is between 12-15 years, 
therefore patients are usually required to undergo painful and costly revision surgeries [3]. Knee 
revision surgeries are expected to increase by 607% and hip replacement revision surgeries will 
increase by 137 % before 2030 [3]. Although the figures listed above are for the United States 
alone, this may provide a general trend for these procedures globally. Hence, there is a 
significant demand for long-lasting scaffolds that reduce the need for revision surgeries which 
have low success rates.  
Current scaffolds are not ideal as they possess mechanical and chemical issues such as toxicity 
and elastic modulus mismatch, resulting in their short life span [6]. Two methods of reducing 
these effects involve new titanium (Ti) alloys, while the other involves the use of porous Ti 
scaffolds [4]. This thesis will focus on the second approach which involves the use of porous 
scaffolds, for the replacement of cortical and cancellous bone, ranking second in regard to the 
most transplanted human tissue [2]. 
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1.1 AIM AND OBJECTIVES 
The aim of this project is to investigate the use of spherical sugar pellets as a space holder 
material, to manufacture porous Ti scaffolds for biomedical applications using a space holder 
method. The project will compare the structure and properties of the new materials produced 
using the space holder method, with results of experiments of similar types of scaffold 
materials, that have been reported in the literature. To achieve the aims, the following objectives 
must be met: 
 Understand the requirements for the use of scaffolds in hard tissue engineering; 
 A thorough literature review detailing the findings of past studies involving the 
fabrication of porous scaffolds; 
 Preparation of samples with porosities of 30, 40, 50 and 60 %; 
 Measurement of porosity after sintering; 
 Analysis of the pore morphology via optical microscopy for scaffolds with varying 
porosities; 
 Conduct compression tests for samples of varying porosities; and 
 Recommendations with regards to the effectiveness of sugar pellets as a space holder 
material for biomedical applications, through analysis of the elastic modulus and pore 
morphology. 
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1.2 SCOPE 
The scope of this research project is detailed in Table 1. 
Table 1: Project Scope 
In Scope Out of Scope 
 Literature review of porous scaffolds, 
other space holder materials and the 
properties of Ti 
 Fabrication of scaffolds using spherical 
sugar pellets of 300-425 𝜇m 
 Fabrication of scaffolds with porosities of 
30, 40, 50 and 60 % using a space holder 
method 
 Recommendations of this new material 
based on microscopy and compression 
testing results 
 Fabrication of scaffolds with porosities 
greater than 60% 
 Micro computed tomography (Micro-
CT) Scanning 
 Scanning electron microscope (SEM) 
analysis  
 Hardness Testing 
 Modelling of porous scaffolds 
 In-vivo analysis 
 
1.3 INDUSTRY CONTRIBUTION 
The results and outcomes of this thesis will be of benefit to industry, as it will contribute and 
allow for further research to be conducted on porous scaffolds. The properties of human bone 
vary depending on factors such as age, gender, mineral content, location in the body and disease 
[7]. Therefore, it is important to be able to accommodate for these factors, and fabricate 
scaffolds for individual needs to reduce the stress shielding effect and ensure the longevity of 
the implant. If the use of sugar pellets as a space holder material is successful in improving the 
properties of porous scaffolds, the results obtained in this experiment can contribute to further 
improvements of this technique. Additionally, the results have the potential to contribute to the 
modelling of three dimensional porous scaffolds, which may allow for patient specific design.  
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2 LITERATURE REVIEW    
2.1 HUMAN BONE 
In order for scaffolds to be designed to replace bone, it is important to have an understanding 
of the morphology and properties of bone. Bones have very complex structures that consist of 
bone mineral and an extracellular matrix (ECM) [1]. Some functions of bones include; 
facilitation of movement of the body, attachment points for muscles and support structures for 
soft tissue [1]. Bone can be described as a composite of natural materials with anisotropic 
characteristics and a seven-tier organisation [1]. A basic outline of this organisation is shown 
in Figure 1 and can be found in most parts of the body.  
 
Figure 1: Bone Structure [1] 
80% of bone contributes to the cortical region, while the remaining 20% consists of cancellous 
or spongy trabecular region [1]. The elastic modulus for bone ranges between 4 GPa and 30 
GPa due to these different regions [8-10]. The microstructure of the cortical region can be 
described as a dense solid, while the cancellous region is referred to as “a porous network of 
connecting rods or plates” [11]. This porous network is depicted in Figure 2. The difference 
between these two regions is due to their relative densities or volume ratio of solids. Cancellous 
bone has a relative density of less than 70%, while cortical bone has a density of greater than 
70% [1].  
5 
 
 
Figure 2: SEM of 22-Year Old Male Human Bone [12] 
Gibson [11] analysed the effects of varying densities on the properties of cancellous bones 
under compressive behaviour. Figure 3 shows the stress-strain curves for each density.  It was 
concluded that an increase in relative density, results in an increase of the compressive strength 
and Young’s modulus. There are also three identifiable regions which correspond to typical 
cellular solids. The first region corresponds to a linear portion; followed by a region of almost 
constant stress, and lastly a region of increasing steepness. This closely resembles the behaviour 
of some metals that are commonly used as scaffolds for bone implants. 
 
Figure 3: Mechanical Behaviour of Cancellous Bone [11] 
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2.2 TITANIUM 
Ti at room temperature has a hexagonal closed-packed (HCP) structure commonly referred to 
as 𝛼 [13, 14]. At a temperature of 882.5℃ Ti transforms to a body-centred cubic (BCC) 
structure 𝛽, through an allotropic transformation and is stable in the 𝛽-phase until it reaches its 
melting point of 1678℃  [13, 14]. The body cell for each of these structures is shown in Figure 
4. Due to the allotropic transformation, Ti alloys can have 𝛼, 𝛽 or mixed 𝛼/𝛽 microstructures, 
which is influenced by the substitutional and interstitial elements, and is dependent on the purity 
of the metal [14].  
 
Figure 4: A) HCP Structure B) BCC Structure [14] 
Ti alloys are formed through the stabilisation of either the 𝛼 or 𝛽 phases by alloying elements, 
and is dependent on the number of bonding electrons involved. Electron/atom ratios of alloying 
elements less than 4 stabilise the 𝛼 phase, elements with ratios of 4 are neutral and ratios greater 
than 4 stabilise the 𝛽 phase [15]. In comparison with the 𝛽-phase, the 𝛼-phase has significant 
anisotropy of both mechanical and physical properties, lower ductility, higher resistance to 
plastic deformation, higher creep resistance and diffusion rates that are at least two magnitudes 
lower than that of the 𝛽-phase [15].   
Ti alloys can be classified into three main categories 𝛼, 𝛼 + 𝛽 and 𝛽 [16, 17]. The main alloying 
elements that stabilise each phase are listed below the appropriate category in Figure 5. 
Elements that stabilise the 𝛽-phase can be further classified into two groups; those that form a 
binary system known as the 𝛽-isomorphous type, and those that form a 𝛽-eutectoid type [14]. 
These 𝛽 groups will be discussed in Section 2.2.4.  
A B 
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Figure 5: Classification Categories for Ti [13] 
2.2.1 𝜶-alloys 
As shown in Figure 5, aluminium and oxygen (stabilising elements) and tin and zirconium 
(neutral elements) are the main substitutional alloying elements that dissolve in the 𝛼-phase 
[15]. Each of these elements increase tensile strength between 35 to 70 MPa for every one per 
cent of the element added [15]. An ordering reaction occurs if the quantity of the ‘aluminium 
equivalent’ is greater than 9 %, causing embrittlement of the alloy [15]. Thus, there is a limit 
to the amount of stabilising elements that can be added, and is governed by the weight 
percentage as described below [15]: 
𝐴𝑙 +
1
3
𝑆𝑛 +
1
6
𝑍𝑟 + 10 (𝑂 + 𝐶 + 2𝑁)  
2.2.2 Fully 𝛼-alloys 
Generally, the most common alloys in this group are different grades of commercially pure 
titanium (CP-Ti), which are essentially Ti-O alloys and the Ti-5Al-2.5Sn composition [15]. 
Fully 𝛼-alloys have relatively low tensile strengths as a result of their single phase, although 
they have reasonable creep strengths at higher temperatures due to their high thermal stability 
[15]. This phase also exhibits good ductility at low temperatures and is readily weldable [15]. 
Formability to prevent excessive grain growth is limited due to the HCP structure and the high 
rate of strain hardening [15]. In general, Ti microstructures are dependent on the alloy 
chemistry, temperature from which it is cooled, the rate of cooling and prior work [15, 16]. The 
microstructure can consist of fine and coarse acicular structures as well as equiaxed structures. 
Figure 6 shows equiaxed 𝛼 grains, a typical microstructure of the 𝛼-phase [16].  
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Figure 6: Equiaxed 𝛼 of Unalloyed Ti Sample [16] 
𝟐. 𝟐. 𝟑 𝜶/𝜷 alloys 
Due to the limitations with regard to strength and difficulties associated with hot forming found 
in fully 𝛼-alloys, there was a need to investigate alloys containing both 𝛼 and 𝛽. These alloys 
play a significant role in commercial applications and the most common 𝛼/𝛽 alloy is Ti-6Al-
4V [15]. 𝛼/𝛽 alloys have better formability and high tensile strengths however, at temperatures 
above 400℃ there is reduced weldability and creep strength [15]. In general, 𝛼/𝛽 alloys contain 
about 4-6 % of 𝛽-stabilising elements, in order to retain substantial amounts of 𝛽-phase when 
quenched from 𝛼 + 𝛽 or 𝛽 fields [15]. 𝛼-stabilising elements are also added to help strengthen 
the 𝛼-phase. The strength properties of these alloys can be further improved through tempering 
or ageing treatments [15]. Figure 7 shows equiaxed 𝛼 + 𝛽 and acicular 𝛼 + 𝛽, both of which 
are common microstructures of 𝛼 + 𝛽 alloys.  
 
Figure 7: A) Equiaxed 𝛼 + 𝛽 B) Acicular 𝛼 + 𝛽 in Ti-6AL-4V Sample [16] 
 
 
 
A B 
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2.2.4 𝛽-alloys 
𝛽-stabilisers decrease the transformation temperature as they have excellent solubility in the 𝛽-
phase [18]. 𝛽-stabilisers can be further classified as 𝛽-isomorphous or 𝛽-eutectoid due to their 
different behaviour with Ti [18]. 𝛽-isomorphous stabilisers are completely soluble with Ti and 
increasing the amount of the stabilising element, progressively decreases the transformation 
temperature [17]. Elements that stabilise the isomorphous type include Mo, V, Ta and Nb [13]. 
𝛽-eutectoid elements form intermetallic compounds by eutectoid decomposition and have 
limited solubility in 𝛽 Ti. The phase diagram is depicted in Figure 5. Elements that stabilise the 
eutectoid type include Cr, Mn, Fe, Co, Ni, Si, H and Cu [19]. Due to the BCC structure of the 
𝛽-phase, there is low resistance to deformation resulting in superior forming characteristics 
[15]. In general 𝛽-alloys are weldable, can be readily heat treated, and have high strength [15]. 
Additionally, these alloys have the unique combination of excellent corrosion resistance and 
low elastic modulus [20, 21]. 
 𝛽-alloys can be described as retaining the 𝛽-phase in either a stable or metastable condition at 
room temperature, because of the content of alloying elements [16]. The martensite start line 
(Ms) is avoided due to the content of these elements [15]. Metastable alloys, which are located 
between the critical minimum level (𝛽c) and the intersection of the transus line (𝛽s), will 
precipitate another phase upon ageing [15]. Alloys to the right of 𝛽s are considered stable, and 
cannot be hardened by heat treatment, Figure 8 [15].  
 
Figure 8: Pseudo-binary 𝛽-isomorphous Phase Diagram [13] 
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Figure 9 shows a typical equiaxed 𝛽 microstructure found in 𝛽 alloys.  
 
Figure 9: Equiaxed 𝛽 in Ti-13V-11Cr-3Al [16] 
2.2.5 Titanium as a Biomaterial           
Scaffolds made from alloys such as; stainless steel, cobalt, and Ti have historically been used 
in the human body [3]. Figure 10 identifies the many requirements that these biomaterials must 
meet to be used in biomedical applications. Some properties of these metals and their alloys are 
listed in Table 2. 
 
Figure 10: Requirements for Scaffolds for use in Implants [22] 
Table 2 identifies many disadvantages associated with some biomaterials, however Ti and its 
alloys have become increasingly more applicable in the industry due their excellent properties 
making them ideal as implant materials [4]. Ti and its alloys are able to satisfy the requirements 
for implants better than any other materials, this is due to their high corrosion resistance, 
biocompatibility and high strength [23].   
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Table 2:Characteristics of Common Metallic Implant Materials [22] 
 
Lutjering and Williams [23] state that the major disadvantage of Ti, is its high elastic modulus 
of around 114 GPa. One of the main features to cater for when using scaffolds as bone 
replacement, is the mechanical strength. The scaffold needs to withstand appropriate loads, but 
should not be too strong as this may result in stress shielding. 
Stress shielding occurs due the modulus mismatch between two materials. Less stress is 
transferred to the bone connected to the implant causing bone resorption, and hence loosening 
of the implant [4]. The modulus of bone is between 4-30 GPa which is significantly less than 
that of Ti [8-10]. This limits the lifetime of the implant, usually resulting in painful and costly 
revision surgeries. Thus, studies have been conducted to determine new methods to improve 
the mechanical properties of Ti and its alloys for biomedical applications [4]. This thesis will 
focus on fabricating porous Ti scaffolds to improve the properties of Ti for biomedical 
applications. 
 2.3 POROUS SCAFFOLDS 
Recent studies have introduced the concept of porous materials. Parthasarathy et al. [24] 
showed that Ti based biomaterials can be manipulated to suit human bone by allowing for a 
more porous structure which is crucial for cell adhesion, growth and viability. They concluded 
that the porous structure also reduces the elastic modulus and the effects of stiffness mismatch 
that is commonly found in bulk metallic biomaterials. This is because there is significantly less 
material supporting the same cross-sectional area. 
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In addition to this, porosity creates open channels that promotes tissue ingrowth, allowing for 
better tissue conduction [4]. This interconnected structure allows for the potential of complete 
bone ingrowth and a stable blood supply, which is vital for biocompatibility and has been an 
ongoing issue in other biomaterials [22]. Figure 11, shows the microstructure of a porous Ti 
scaffold and in particular these open channels.  
 
 
Figure 11: SEM of Porous Ti [25] 
High porosity is desired for scaffolds to allow for tissue conduction, however a balance with 
the mechanical strength must also be achieved.  
2.4 FABRICATION METHODS   
Some techniques that have been used to produce porous scaffolds include solid state foaming 
and the space holder method. These methods will be outlined in the following section. 
2.4.1 Solid State Foaming 
Murray and Dunand [26] investigated the fabrication of porous Ti scaffolds using solid-state 
foaming. The first step in the process begins with hot isostatic pressing of Ti powder in the 
presence of argon. This results in a material with high pressure, micron-sized argon pores. Once 
exposed to high temperatures, these bubbles expand due to creep in the metal, creating pores. 
This process is depicted in Figure 12.  
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Maximum porosities of 44% were achieved with small areas of interconnectivity as identified 
by the arrows in Figure 13. It is desirable to increase the porosity level however, this is limited 
due to a reduction in gas pressure caused by loss of gas through interconnected pores or 
expansion of the gas itself [27]. Additionally, this technique is significantly expensive in 
comparison to powder metallurgy techniques and is difficult to manufacture net-shape products 
[27]. Thus, emphasis has been placed on the use of powder metallurgy methods, such as the 
space holder method, to introduce porosity in Ti.  
 
 
2.4.2 Space Holder Method 
The space holder method can be simply described as a powder metallurgy technique with the 
use of space holder materials. This method allows for the porosity shape, amount and 
distribution to be adjusted. This is largely dependent on the size, volume and shape of the 
selected space holder material [28-30]. 
  
Figure 12: Solid State Foaming Procedure [26] 
Figure 13: Optical Micrograph of Interconnected Region [26] 
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Figure 14 shows the five major steps in this fabrication process as listed below: 
1) Selection of powders and space holders; 
2) Mixing of materials to ensure homogeneity; 
3) Compaction of mixed powder into appropriate moulds using a controlled pressure; 
4) Removal of the space holder from the mould- this process varies based on the type of 
material used; and 
5) Sintering [4].  
 
Figure 14: Space Holder Method [4] 
It is important that the average space holder material particle size, is greater than the particle 
size of the metal powder being used. The compaction pressure should also be high to ensure 
that the sample has sufficient strength to keep its shape during the process [4]. The main 
difficulty associated with this fabrication method is the removal of large amounts of the space 
holder material, thus there has been difficulties achieving high porosities [25]. 
In general powder metallurgy is a simple method of producing porous Ti scaffolds that can be 
achieved using lower temperatures and chemical reactivity. Additionally, it allows for better 
control over variables, pore sizes and shapes [4]. Other advantages include its ability to produce 
near-net-shape components at a low cost, which are ideal for this application [26].  
2.5 SPACE HOLDER MATERIALS 
Several studies have investigated the use of various space holder materials to fabricate porous 
Ti scaffolds. The following section summarises the findings from these studies.  
Dunand and Ye [31] fabricated Ti foams using angular titanium hydride-dehydride powder (Ti-
HDH) and cuboidal sodium chloride powder with varying size ranges: 50-100, 100-200, 355-
500 and 100-500 𝜇𝑚. The powders were mixed for 20 minutes by tumbling and the mixed blend 
was hot pressed at 780 ℃ under a vacuum. The NaCl was completely removed from the foams, 
after 2-3 hours of dissolution in deionised water.  
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Figure 15: SEM Micrograph of 60 % Porosity Sample [31] 
Figure 15 shows well distributed pores corresponding to the cuboidal shape of the NaCl 
particles used. Porosities varying between 30-70 % were achieved; the rough surface of the 
pores promote bone ingrowth and are ideal for biomedical applications. The elastic modulus 
for foams with porosities of 50, 60 and 67% were 11, 8 and 4 GPa respectively. Although this 
is within the elastic modulus range for bone, NaCl is toxic in the human body and at elevated 
temperatures can lead to diffusion and surface reactions of Na or Cl into the scaffold, 
deteriorating the mechanical properties such as corrosion resistance [32]. Therefore, a space 
holder material with less toxicity is preferable for this application.  
Chen et al. [33], investigated the use of magnesium as a space holder material, to fabricate 
porous Ti scaffolds. The biocompatibility of the scaffolds fabricated through this method were 
also analysed. The porosity was varied by adjusting the volumetric amount of magnesium. 
Magnesium and Ti-HDH powders were mixed for one hour in a turbula mixer, corresponding 
to porosities of 30, 40 and 50 %. The powder mixture was uniaxially compacted at 600 MPa 
and thereafter sintered at 1300 ℃ for 2 hours. The magnesium powder was removed during 
sintering by controlling the heating rates.  
 
Figure 16: SEM of Sintered 60 % Scaffold [33] 
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Figure 16 shows the pore morphology for the 60 % porosity sample. The magnesium was 
completely removed from the scaffold and the irregular pores were well distributed around the 
scaffold. Interconnected porosities of greater than 95 % were achieved in scaffolds with 
porosities of 30 %. Compression tests were conducted using an Instron 5584 test machine and 
elastic moduli of 44.2, 24.7 and 15.4 GPa were achieved for porosities of 30, 40 and 50 % 
respectively, which are comparable to that of bone. A biocompatibility analysis, through in-
vitro cell culture tests using human bone-marrow-derived mesenchymal stem cells, showed 
good osseointegration and biocompatibility potential. Although, scaffolds with good 
biocompatibility potential were produced in this study, the pore shape is irregular reducing the 
mechanical properties. Non-spherical pores with sharp edges act as stress risers and reduce the 
ductility and strength of the metal [34]. Hence, a space holder material that is more spherical in 
shape is preferable.  
Jakubowicz et al. [32], investigated the use of saccharose crystals, which is commonly referred 
to as table sugar, as a space holder material. Saccharose is composed of glucose and fructose 
and has the chemical formula C12H22O11. Cubic saccharose crystals of 0.8-1 mm were mixed 
with spherical Ti particles of less than 50 𝜇m in size. The mixture was compacted uniaxially at 
about 500 MPa to produce metal scaffolds. The weight ratio of Ti to saccharose was 1:1 and 3 
droplets of ethanol was used to help bind the powders. The compact was placed in distilled 
water at 20-80 ℃ for 2-6 hours to allow for the removal of the saccharose. A magnetic stirrer 
was also used in the distilled water to aid with the dissolution process. The compacts were dried 
at about 80 ℃ for approximately 1 hour, and thereafter sintered for 1 hour at a temperature of 
1250 ℃.  
 
Figure 17: CT Cross Section of Porous Scaffold [32] 
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The sugar crystals were completely removed during dissolution and well distributed rectangular 
pores with straight pore walls were observed in the foams; corresponding to the initial shape of 
the sugar crystals. Figure 17, shows larger macropores defined by the space holder material, 
while smaller pores were formed due to the compaction and sintering of the Ti particles. X-ray 
Powder Diffraction was conducted and traces of sugar were detected in the foam, however this 
is acceptable as saccharose is not a human carcinogen [35].  The study achieved porosities up 
to 72 %, indicating great potential for saccharose as a space holder material, however the 
particle shape of the sugar crystals is not ideal. Although the shapes of the pores are more 
regular in comparison to those observed in porous scaffolds using magnesium [33], they are 
still rectangular with straight pore walls. In addition to this, it is difficult to control the pore 
shape, size and porosity, as the saccharose is of cubic shape and large in diameter (in order of 
millimetres). Thus, a spherical space holder material that can accommodate for varying 
porosities and reduce stress concentrations is ideal.  
Chen et al. [36], investigated the use of spherical sugar pellets as a space holder material. A 
space holder method was used to combine sugar pellets with Ti-HDH powder, to produce 
scaffolds with porosities of 30, 40, 50, 60 and 70% based on the volumetric amount of sugar 
pellets. The Ti powder and sugar pellets were mixed for 20 minutes in a 3D turbula mixer and 
thereafter uniaxially die pressed at 800 MPa. The sugar pellets were removed from the space 
holder prior to sintering, through dissolution in distilled water for 4 hours at temperatures 
between 70-80 ℃ with constant stirring. The final step to fabricate the scaffolds, involved 
sintering for 2 hours at 1300 ℃.  
The samples were prepared for morphology and microstructure analysis by sectioning and 
polishing samples of varying porosities. Figure 18 shows the distribution of pores in the 
scaffolds for varying sugar pellet sizes and porosities. The pores are spherical, well distributed 
and have high uniformity. 
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Figure 18: Microscopy Images for Ti Scaffolds with Varying Porosities and Sugar Pellet Size [36] 
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Although, the measured porosity was lower than calculated, an open porosity of approximately 
98% was achieved. This indicates that around 98% of the pores were interconnected, Figure 19 
shows these interconnected pores. In addition to this, compression tests were conducted on the 
samples with Instron 5584 test machine at a cross head velocity of 0.5 mm/min. For scaffolds 
with porosities between 30-50%, the measured elastic moduli were between 12.1-18.5 GPa, 
which is comparable to that of bone. 
 
Figure 19: SEM of Polished Cross Secion [36] 
Due to the superior mechanical and chemical properties exhibited by this scaffold, it has great 
potential for biomedical applications. The high interconnectivity and pore morphology allows 
for tissue fusion whilst also reducing the elastic modulus. Additionally, sugar pellets consist of 
starch and sucrose, which has low toxicity and is generally found in the human body. To meet 
the aims of this thesis, a similar study to that conducted by Chen et al. [36] will be conducted 
to further develop the use of spherical sugar pellets as a space holder material.  
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3 EXPERIMENTAL PROCEDURE 
Scaffolds with porosities of 30, 40, 50 and 60% were fabricated using the space holder method. 
The apparatus and experimental methods used to fabricate and analyse the scaffolds, are 
outlined in this section. 
3.1 APPARATUS 
The materials and apparatus required for each procedure is listed in Table 3. 
Table 3: Material and Apparatus Required for Different Procedures 
Procedure Materials and Apparatus 
Sample Fabrication 1. Ti-HDH powder < 45 𝜇m (>99.9% 
purity) 
2. Spherical sugar pellets (300-425 𝜇m) 
3. Distilled water 
4. Ethanol 
5. AND GR-200 electronic beam balance 
6. 3D Turbula mixer 
7. Cylindrical mould 
8. Carner Laboratory Press 
9. Magnetic Stirrer 
10. Tube Furnace 
Porosity Measurement 1. AND GR-200 electronic beam balance 
2. Oil 
3. H Galden ZT180 
Metallography 1. Automated Saw Blade 
2. Polyfast powder 
3. Struers CitoPress Hot Mounting Press 
Machine 
4. Struers TegraPol-31 Grinding/Polishing 
Machine 
5. SiC paper (800, 1200, 4000) 
6. Distilled Water 
7. Ethanol 
8. Ultrasonic bath 
9. MD-Chem cloth 
10. OP-S solution 
11. Hydrogen Peroxide 
12. 10% HCF + 15% HNO3 solution 
13. Microscope 
Compression Test 1. Instron 5584 Machine 
2. 100kN Load cell 
3. Machined samples 
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3.2 SAMPLE FABRICATION PROCEDURE 
To investigate the use of sugar pellets as a space holder material, a similar experimental 
procedure to that conducted by Chen et al. [36] was adapted to fabricate the samples. The 
desired amount of sugar pellets and Ti-HDH powder, corresponding to varying porosities, were 
weighed using an AND GR-200 electronic beam balance. The amount of porosity was 
determined based on the volumetric amount of sugar pellets; the mass for each constituent for 
varying porosities is outlined in Appendix A. The sugar pellets and Ti-HDH were secured in a 
container and mixed for 30 minutes in a 3D Turbula mixer, Figure 20.   
 
Approximately 2 g of the mixed powder was poured into the cylindrical mould pictured in 
Figure 20. The mould was placed in the middle of the compacting area of the Carver Laboratory 
Press (Figure 21), to ensure that the force was uniformly transferred to the mould. The sample 
was compacted uniaxially at 500 MPa for 30 seconds, and thereafter removed from the mould 
producing a green compact. The mould and all instrumentation used in the process, was cleaned 
with ethanol between each sample to limit any form of contamination. This process was 
repeated to fabricate 5 samples for each porosity. Additionally, 5 samples made from Ti-HDH 
were also fabricated for easy comparison of the properties. These samples will be referred to as 
CP-Ti samples throughout this report.  
A B 
Figure 20: A) 3D Turbula Mixer B) Cylindrical Mould 
22 
 
 
Figure 21: Carver Laboratory Press 
Samples for each porosity were then placed in distilled water at 85-90℃ for 2 hours with a 
single water change, to remove the sugar pellets. A magnetic stirrer was used to ensure that 
there was constant stirring. The samples were thereafter sintered in a furnace for 2 hours at a 
temperature of 1400℃. The furnace and a sintered porous scaffold are visible in Figure 22.  
 
Figure 22: A) Tube Furnace B) Sintered 30% Sample 
 
 
A B 
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 3.3 POROSITY MEASUREMENT PROCEDURE 
The porosity for all the porous sintered samples were calculated using the Archimedes method. 
The mass of each sample in air (mair) was measured using the AND GR-200 electronic beam 
balance. The samples were submerged in oil to allow the oil to penetrate and fill the pores. The 
samples were then removed from the oil and the mass was recorded in air again (moil) using the 
AND GR-200 electronic beam balance. Each sample was submerged in H-Galden ZT-180 and 
the mass was recorded (mHG). This process was repeated for each sample and the porosity was 
calculated using the Archimedes method as outlined in Appendix B.  
3.4 METALLOGRAPHY PROCEDURE 
One sample for each level of porosity was prepared for microscopy analysis to be performed. 
This process involved mounting, grinding and polishing of the samples. The samples were cut 
in half along the axis as shown in Figure 23, at speed of 2700 RPM and a feed rate of 0.1mm/min 
using water as the lubricant.  
 
Figure 23: Axis of Cut 
One half of each sample was mounted in a thermosetting resin (Polyfast) using Struers 
CitoPress Hot Mounting Press Machine, to allow for ergonomic and safe handling of the 
sample. 
3.4.1 Grinding Method 
Grinding was performed on one sample for each porosity, to obtain a flat and flaw-free surface 
for the microstructure to be observed. Using the Struers TegraPol-31 Grinding/Polishing 
Machine, the samples were ground with constant water lubrication. The four samples were 
evenly spaced throughout the sample holder, to ensure that the force was well distributed. SiC 
paper of varying grit were used as listed in Table 4. New SiC papers were used for each rotation 
to ensure that only sharp particles removed material. After the grinding process was complete, 
the samples were rinsed with ethanol and thereafter placed in an ultrasonic bath for 10 minutes, 
to remove any remaining particles or contaminants.  
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Table 4: Grinding Parameters for SiC Grit Paper of Varying Grit 
Step SiC Paper Duration (s) 
 
Force (Single 
sample/ Sample 
holder) 
Disc Rotation 
Speed (RPM) 
 
Sample Holder 
Speed (RPM) 
1 600 180 20 N/ 60 N 300 150 
2 1200 240 10 N/ 30 N 300 150 
3 4000 
240 
(Repeated 2 
times) 
10 N/ 30 N 300 150 
 
3.4.2 Polishing Method 
Polishing was performed on the surfaces to further improve the surface quality and remove any 
damage caused during the grinding process. The magnetic polishing plate was attached to the 
Struers TegraPol-31 Grinding/Polishing Machine (Figure 24), and the samples were evenly 
spaced throughout the sample holder. The polishing agent was then prepared by combining 9 
mL of colloidal silica (OP-S) and 1 mL of hydrogen peroxide. The rotation direction of the 
sample holder was set to anti-clockwise and forces of 10 N and 30 N were applied to the samples 
and sample holder respectively.  
 
Figure 24: Struers TegraPol-31 Grinding/Polishing Machine 
Before beginning the 10-minute automated program, a small amount of distilled water and 
dishwashing liquid was also added to the polishing plate. The program was initiated, and 0.5 
mL of the mixture was added to the middle of the polishing plate every 30 seconds. After the 
polishing process was completed, the samples were rinsed with distilled water, and immediately 
placed in an ultrasonic bath containing distilled water for 10 minutes. The samples were rinsed 
with ethanol and dried before being examined microscopically. This polishing process was 
repeated until minimal scratches were present on the surface of each sample. Between each 
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polishing iteration, the polishing plate was cleaned with water and a brush to ensure that any 
remaining polishing agent and residual particles were removed. The samples were observed via 
an optical microscope with varying magnifications to observe the pore distribution and 
microstructure.  
3.4.3 Etching Procedure 
Etching was conducted on the 30 % porosity sample in order for the microstructure of the CP-
Ti matrix to be analysed. A solution containing 10% HCF + 15% HNO3 was used during this 
process. Using a dropper, the solution was carefully applied over the surface of the sample. 
Once the solution liberally covered the surface, the sample was left to stand for 8 seconds. Using 
forceps, the sample was placed in a beaker filled with distilled water, and thereafter rinsed with 
ethanol. Lastly the sample was placed in an ultrasonic bath to remove any remaining particles. 
The microstructure was observed via an optical microscope with varying magnifications. 
3.5 COMPRESSION TEST PROCEDURE 
In order for compression tests to be conducted, the samples were sent to a mechanical workshop 
to be machined to an appropriate size of approximately 5mm in diameter and 9mm in height. 
Compression tests were conducted on 3 samples for each porosity using an Instron 5584 
Machine with a 100kN load cell at a cross head velocity of 0.001 mm/s at room temperature. 
Each sample was placed and secured in the testing area, and thereafter the program was 
initiated. The compression test set-up and a machined sample can be seen in Figure 24. The 
recorded compressive strain and stress, was used to determine the EM for each sample.  
 
Figure 25: A) Machined 40 % Sample B) Compression Test Set-up 
 
A B 
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4 RESULTS 
The following section presents the microscopy and mechanical testing results obtained in this 
study. 
4.1 MICROSCOPY RESULTS 
The primary method used to analyse the microstructure of the scaffolds was through optical 
microscopy. The images presented in this section were taken using a Polyvar microscope and 
Canon EOS 5D Mark II camera, at varying magnifications.  
0 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 26 shows the microstructure of the Ti-matrix for the etched 30 % porosity scaffold. 
Defined equiaxed 𝛼 grains, with small amounts of acicular 𝛼 grains are evident, as depicted in 
Figure 26. There is also evidence of cracks, particularly surrounding the spherical macropores 
created by the sugar pellets. Micropores, identified by the small circular regions, are well 
distributed in the CP-Ti matrix.  
Cracks 
A 
B 
Equiaxed 𝛼 grains 
Micropores 
 Acicular 𝛼 grains 
Figure 26: Microstructure of Etched 30 % sample at Varying Magnifications A) x20 Magnification B) x50 Magnification 
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Figures 27, shows the pore morphology for samples with porosities of 30, 40, 50 and 60 %. The 
spherical macropores produced by the space holder material, are well distributed across all the 
samples for varying porosities. It is evident from Figure 27, that interconnected pores are 
D 
C 
B 
A 
Interconnected Pores 
Micropores 
Macropore 
Interconnected Pores 
Micropores 
Interconnected Pores 
Micropores 
Micropores 
Interconnected Pores 
Figure 27: Microstructure of Porous Samples at a Magnification of x2.5 
A) 30 % Porosity Sample B) 40 % Porosity Sample 
C) 50 % Porosity Sample D) 60% Porosity Sample 
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present in each scaffold, but are more prominent in samples with higher porosities. The area of 
the interconnected pores are also significantly larger in the samples with higher porosities. The 
sugar pellets appear to be dissolved from the sample however, it cannot be concluded that full 
dissolution occurred from the microscopy images alone. Micropores characterised by small 
circular regions, are also visible in each sample within the CP-Ti matrix. The 60 % porosity 
sample has very thin walls between pores in comparison to the 30% porosity, and a general 
trend of decreasing wall thickness with an increase in porosity is observed. Further microscopy 
results can be found in Appendix C. 
4.2 POROSITY RESULTS 
The porosity was measured and calculated according to the procedure outlined in Section 3.3. 
The interconnected porosity refers to the ratio of the open porosity to the measured porosity.  
Table 5 shows a summary of the results obtained from the porosity calculations, where the 
uncertainty represents the standard deviation from the average results obtained in this study. 
Figure 28, shows the relationship between open and closed porosity, with increasing porosity. 
Table 5: Porosity Measurements 
Sample Theoretical 
Porosity (%) 
Measured 
Porosity (%) 
Open Porosity 
(%) 
Closed 
Porosity (%) 
Interconnected 
Porosity (%) 
1  26.70 5.85 20.85 21.91 
2  27.17 4.60 22.57 16.94 
3 30 26.70 6.73 19.98 25.19 
4  27.89 7.94 19.94 28.48 
5  27.04 5.80 21.24 21.45 
Average 27.10 ± 0.98 6.18 ± 2.48 20.92 ± 2.16 22.82 ± 8.66 
1  36.37 27.61 8.76 75.92 
2  34.92 25.31 9.61 72.48 
3 40 34.83 20.90 13.92 60.02 
4  36.97 29.73 7.23 80.43 
5  34.34 22.99 11.35 66.96 
Average 35.49 ± 2.25 25.31 ± 7.05 10.17 ± 5.14 71.32 ± 15.88 
1  48.39 45.16 3.23 93.32 
2  44.71 39.70 5.01 88.79 
3 50 43.67 38.88 4.79 89.03 
4  44.67 40.34 4.34 90.30 
5  46.24 40.60 5.64 87.80 
Average 45.54 ± 3.68 40.94 ± 4.91 4.60 ± 1.80 89.90 ± 4.27 
1  56.71 51.42 5.29 90.67 
2  53.60 49.81 3.79 92.93 
3 60 54.40 49.63 4.78 91.22 
4  52.46 48.18 4.28 91.84 
5  54.47 51.22 3.25 94.04 
Average 54.33 ± 3.12 50.05 ± 2.64 4.28 ± 1.60 92.13 ± 2.71 
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Figure 28: Relationship Between Increasing Porosity with the Average Open and Closed Porosity 
Table 5 shows the measured porosities for each sample, detailing the proportion of open, closed 
and interconnected pores. The average measured porosity was 27.10, 35.49, 45.54 and 54.33 % 
for theoretical porosities of 30, 40, 50 and 60% respectively. It is evident that there is a slight 
reduction of about 5 % in comparison to the theoretical porosity. The values obtained for each 
sample for each of the sugar pellet fractions were uniform. Interconnectivity of 94 % was 
achieved for a 60 % porosity scaffold, while the minimum interconnectivity was 16.94 % for a 
30 % sample. Scaffolds with a theoretical porosity of 30 % have an average open porosity value 
of 6.18 % and this value increases to 50.05 % at a theoretical porosity of 60 %. Figure 28 shows 
a proportional relationship for open porosity with respect to increasing theoretical porosity. 
However, an inversely proportional relationship exists between closed porosity and increasing 
theoretical porosity, Figure 28. At a theoretical porosity of 30 %, the closed porosity is 20.92% 
and this value decreases to 4.28 % at a theoretical porosity of 60%.   
 
Figure 29: Relationship between Theoretical and Interconnected Porosity  
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Figure 29 shows the relationship between increasing theoretical porosity and the 
interconnectivity of the pores. Average interconnected porosities of 22.82, 71.32, 89.90 and 
92.13 % were achieved for theoretical porosities of 30, 40, 50 and 60 % respectively. It is 
evident from Figure 29 that there is an increase in the interconnected porosity for an increase 
in the volumetric amount of sugar pellets.  
4.3 COMPRESSION TEST RESULTS 
The raw data output from the compression test results, were extracted to produce stress-strain 
curves for the compression tests. Using the recorded compressive extension (∆𝐿) and height (𝐿) 
of each sample, the strain was calculated using Equation 1. The dimensions for each sample 
can be found in Appendix D. These strain values were then plotted against their corresponding 
compressive stress values on MATLAB, to produce stress-strain curves for the varying 
porosities. Figure 18 shows a sample for each porosity after compression testing was conducted.  
 
 
Equation 1 
 
 
Figure 30: Fractured Samples after Compression Testing 
 
CP-TI 30 % Porosity 40 % Porosity 
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Figure 31: Stress-strain Curves for CP-Ti  
 
Figure 32: Magnified Stress-strain Curves for CP-Ti  
Figures 31 and 32 show the stress-strain curves for CP-Ti samples. The curves for each trial 
follow typical stress-strain curves associated with metals. The general trend of having a linear 
elastic region, followed by a plastic region and thereafter a fracture point is evident from Figure 
31. Trial 3 has the lowest yield stress, but good ductility and the highest ultimate tensile strength 
(UTS). Trials 1 and 2 have higher yield stresses, similar ductility and UTS values below that of 
Trial 3, Figures 31 and 32.  
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Figure 33: Stress-strain Curves for 30 % Porosity Samples 
 
Figure 34: Magnified Stress-strain Curves for 30 % Porosity Samples 
Figures 33 and 34 show the stress-strain curves for samples with 30% porosity. Trials 1 and 2 
have similar behaviour with a linear elastic region followed by a plastic region as depicted in 
Figure 33. Trial 3 shows a small region of plateau directly after the linear elastic region, and 
thereafter steadily increases. The yield stress is within 250-300 GPa for each trial (Figure 34), 
however there is no evidence of an obvious fracture point for each of these trials.   
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Figure 35: Stress-strain Curves for 40 % Porosity Samples 
 
Figure 36: Stress-strain Curves for 40 % Porosity Samples 
Figures 35 and 36 show the stress-strain curves for samples with 40 % porosity.  Figure 35 
shows that all the trials follow a similar trend indicating three identifiable regions. First a linear 
elastic region, secondly a plateau and thereafter a sharp increase in the flow stress. There is no 
visible fracture point for these trials with reference to the stress-strain curves (Figure 35). As 
depicted in Figure 35, the third stage for Trial 1 was longer than the other two trials, however 
the yield stress values for each trial were between 200-250 GPa as indicated by Figure 36. 
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The elastic modulus for each sample of varying sugar pellet fractions, was determined by 
modelling the linear region of each stress-strain curve. Using EXCEL, the data within this 
region was fitted with a linear model, and the elastic modulus was extracted from the equation 
of fit. The elastic modulus for each trial is listed in Table 6; the uncertainty represents the 
standard deviation from the average results obtained in this study.  
Table 6: Measured Elastic Modulus 
 
 
Figure 37: Measured Elastic Modulus for Varying Theoretical Porosities 
 
Table 6 shows that the elastic moduli were consistent for the 30 and 40 % porosity samples, however 
the CP-Ti elastic moduli have a large range. The average elastic modulus for the 30 and 40 % samples 
were 38.1 and 33.7 GPa respectively. Figure 37 shows a general trend of decreasing elastic modulus, 
with an increase in the theoretical porosity, where the average elastic modulus value for CP-Ti, 
corresponds to a theoretical density of 0 %.  
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5 DISCUSSION 
The same CP-Ti powder, sintering temperature and time were used for each sample, hence the 
microstructure of the Ti matrix will be consistent across all the samples. With increased 
porosity, it is difficult to observe this microstructure due to the large number of interconnected 
pores, thus a sample for the least porous scaffold was etched and analysed. The microstructure 
of the scaffold shows evidence of defined equiaxed 𝛼 grains with small amounts of acicular 𝛼 
grains. This microstructure is expected as the powder used was CP-Ti and samples were 
sintered at temperatures associated with the 𝛽-phase, and slow cooled allowing the grains to 
grow. The mechanical properties of the scaffolds will be largely influenced by the porosity 
introduced by the sugar pellets because all other variables and conditions, in particular the 
heating and cooling rates, remained constant. Thus, the only significant variable is the 
volumetric amount of sugar pellets used in each scaffold.  
Cracks visible around the macropores, act as stress concentrations within the scaffolds and are 
likely caused by poor interface-binding between the sugar pellets and CP-Ti powder. Ti-HDH 
powder was used in this study and the particle morphology of this powder is irregular and 
angular [37, 38]. This morphology allows for high densities to be achieved, in comparison to 
circular particles, as the irregular shapes allow for mechanical interlocking through plastic 
deformation and particle rearrangement [39, 40]. Combining Ti-HDH with spherical sugar 
pellets should encourage better bonding between the particles, however it is likely that the 
compaction pressure was low resulting in poor bonding [41]. 
Poor bonding promotes crack growth, especially during the dissolution stage of the fabrication 
process, where the scaffold is in a green compact form. Figure 38 shows that for CP-Ti powders 
with particle sizes < 45 𝜇𝑚, increasing the compaction pressure results in an increase of the 
density of the green compact. Thus, the interface binding can be improved by increasing the 
compaction pressure as compaction pressure is the main factor that determines the green density 
[42]. This may reduce the number of cracks surrounding the macropores, but it is important to 
find the highest density at the lowest compaction pressure [39]. This is because the strength of 
a sintered sample increases with increasing density, but the increased load on the compacting 
tool and higher energy input, reduces the economy [39].  
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Figure 38: Effect of Compaction Pressure on the Green Density of CP-Ti with Varying Particle Size [42] 
The micropores isolated within the Ti matrix indicate that the sintering stage is incomplete and 
is a typical feature of sintered Ti microstructures [33]. Although micropores influence crack 
propagation, the failure of scaffolds is primarily due to macropores [43]. Additionally, fully 
dense scaffolds are not required for biomedical applications hence, the presence of these 
micropores are not a significant issue for this application [42].  However, if there is a need to 
reduce the micropores, the sintered density should increase. The sintered density is more 
sensitive to sintering temperature and particle size, whilst the compacting pressure has no 
significant impact on the sintered density unless swelling occurs [42]. Figure 39 shows an 
increase in density with higher sintering temperatures. This indicates that in order to reduce the 
presence of micropores, the sintering temperature can be increased or a Ti powder with finer 
particles can be used.  
 
Figure 39: Effect of Sintering Temperature on Relative Density for CP-TI with Various Sintering Methods [44] 
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Well defined spherical macropores, created by the sugar pellets, were well distributed across 
the scaffolds. The circular pores have no sharp edges and reduce stress concentrations that have 
been observed in other scaffolds using space holder materials such as NaCl and saccharose [31, 
32]. The number of pores increase with increasing sugar pellet fraction. This is expected as 
there is an increase in the content of the space holder material resulting in more pores. The pore 
size was not measured, as Micro-CT and SEM analysis was not within the scope of this project, 
however the particle size of the sugar pellets was 300-425 𝜇m prior to sintering. Past literature 
has indicated that the ideal pore size should be greater than 300 𝜇m to encourage bone and 
capillary formation [45, 46].  It is likely that the pore sizes meet these specifications especially 
due to the large areas of interconnected pores present in the scaffolds. The pore morphology, 
observed in this study and by Chen et al. [36], both indicate similar characteristics. 
The measured porosity was about 5 % lower than the theoretical porosity and is attributed to 
shrinkage during sintering as well as the presence of closed pores [36]. Chen et al, also found 
similar shrinkage of about 10 % between the theoretical and measured values [36]. This issue 
can be overcome by further experimentation to compensate for the shrinkage. Both experiments 
had different values for shrinkage since the fabrication parameters such as compaction pressure, 
sintering temperature and sintering time were not the same. By evaluating the effect of these 
parameters, a factor can be determined and applied to ensure that the measured porosities 
correspond well to the theoretical porosities. This is important as it will allow the fabricated 
scaffold to have the same properties as the designed model, catering to patient specific 
requirements.  
Interconnectivity increased with increased volume fractions of sugar, while the closed porosity 
decreased. Closed pores are not identifiable on the microscopy images presented in this report, 
however through Micro-CT scanning these pores can be easily identified. Interconnectivity of 
up to 94% was achieved in 60% porosity scaffolds, meaning that almost all the pores were 
connected. These high levels of interconnectivity are excellent for bone fixation and fluid 
movement however, interconnected pores can form irregular shapes with pointed edges, acting 
as stress concentrators.  
Additionally, the increase in porosity results in a decrease in the wall thickness which reduces 
the mechanical properties of the scaffolds [43]. Figure 40 shows that the Von Mises stress is 
higher between macropores with thinner walls. The failure of porous scaffolds is due to cracks 
that nucleate in pore walls with the highest stress concentrations, and thereafter propagate 
through the scaffold [43]. Cracks surrounding the macropores act as stress concentrators which 
is not ideal, as it further increases the stress in the pore walls. In general, porous scaffolds fail 
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at the macropores due to the collapse of the pore walls [47]. Hence, fabricating scaffolds with 
high porosities is difficult. Chen et al. [36], achieved a maximum porosity of 70 % using sugar 
pellets as a space holder material.  
 
Figure 40: Contour Plot of Stress Distribution in Porous CP-Ti Scaffold [43] 
CP-Ti samples were fabricated for easy comparison of the mechanical properties for porous 
scaffolds. The general behaviour of the CP-Ti scaffolds followed typical behaviour of metals, 
however the elastic modulus ranged significantly for each trial. A prior study achieved elastic 
moduli of 92.4 GPa for sintered CP-Ti samples [33]. The values obtained in this study were 
52.7, 69.1 and 83.2 GPa for Trial 1, 2 and 3 respectively. Past literature achieved similar values 
for the elastic modulus, but these values corresponded to samples with about 10 % porosity 
[47]. The density of CP-Ti samples were not measured, but there is a possibility that the samples 
had a level of porosity which resulted in the reduction of the elastic modulus. 
Trials 1 and 2 for the 30 % porosity scaffolds display very similar behaviour to that of the CP-
Ti scaffolds. Trial 3 for 30% porosity shows a small region of plateau after the elastic region 
which is similar to the behaviour of 40 % scaffolds. The behaviour of the 40 % scaffolds, closely 
resemble that of bone as presented in Figure 3. The three stages that are evident in the 40 % 
porosity scaffolds correspond to the ideal compressive stress-strain behaviour of porous 
scaffolds found in previous literature [48]. The first linear stage corresponds to elastic behaviour 
of the scaffold; the second stage corresponds to a plateau region caused by the collapse of the 
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pore walls, which has a high strain for a constant stress, and the last stage has a sharp increase 
in flow stress corresponding to densification [43, 47]. It is evident that as the porosity increases, 
the plateau stage of the stress-strain curve becomes more prominent, this was also observed in 
past literature [43]. The plateau stage corresponds to the simultaneous collapse of walls and 
plastic yielding of pore cells [47]. Hence, this stage is more dominant in scaffolds with higher 
porosity as the walls are thinner. 
The stress-strain curves for the porous scaffolds, show that the densification stage for the trials 
have differing final strain values. This is solely because the compression tests were stopped at 
various times within this stage, as the testing time was significantly long and the behaviour of 
the scaffold in this region was of no particular interest in this study. Although there was visible 
fracture of the porous scaffolds as depicted in Figure 30, there was no obvious fracture point 
observed in the stress-strain curves. This is due to the densification of the scaffold.   
An obvious trend of decreasing elastic modulus with an increase in porosity has also been 
observed in past literature as outlined in Section 2.3. The average elastic moduli for 30 and 40 
% samples were 38.1 and 33.7 GPa respectively and are significantly lower than the elastic 
modulus of CP-Ti. These values are comparable to that of bone which ranges between 4-30 
GPa [8-10], minimising the effects of stress shielding commonly associated with typical 
scaffolds. 
Chen et al. [36] achieved elastic moduli of 18.5, 16.4 and 12.1 GPa for 30, 40 and 50 % 
porosities respectively. The elastic moduli achieved in this study are higher than those achieved 
by Chen et al. [36] however there were differences in the fabrication parameters for both 
experiments. In addition to this, the sugar pellets were dissolved at a higher temperature for a 
shorter time period in comparison to Chen et al. [36]. There is a possibility that full dissolution 
did not occur, and sugar pellets are still present in the scaffolds.  The presence of sugar pellets 
will result in higher elastic modulus values as there is more cross-sectional area supporting the 
same load [24]. Sugar pellets are composed of starch and sucrose which are readily found in 
the human body, and are non-carcinogenic [35], therefore this does not compromise safety.   
It is likely that differences in the compression testing procedures is the main reason for these 
differences. There is insufficient information regarding the compression test procedure used by 
Chen et al. [36], however noticeable issues were observed in the testing equipment used in this 
study. The extension recorded by the machine, monitored the movement of the metal holders 
keeping the sample in place, rather than the extension of the sample itself. This is not necessarily 
an accurate representation of the strain that the sample undergoes, as the properties of the metal 
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holder are not the same as the scaffolds. Additionally, the metal holders were not aligned 
through the central axis of the load cell as seen in Figure 25. Hence the force applied by the 
load cell, may not have completely transferred to the sample, and would result in the incorrect 
compressive stress reading. Although this would have been consistent for all the samples in this 
study, it is possible that this contributed to different elastic modulus values achieved in 
comparison to past literature. Additionally, elastic modulus values were determined by fitting 
a trend to the linear region. This linear region was approximated and may have resulted in slight 
differences in the elastic modulus values.  
To conduct compression tests, the samples had to be machined to an appropriate finish and 
dimensions. In this study, 50 % and 60 % scaffolds were unable to be machined as the scaffolds 
cracked during machining. A second machining method, which involved wire cutting, was also 
unsuccessful in machining the scaffolds. Chen et al. [36] successfully conducted compression 
tests on samples with 50 % porosity, hence, it is likely that the different fabrication parameters 
contributed to the fracture of the 50 % scaffolds.  
Although the samples with high porosities cracked during the machining process, this is not an 
accurate representation of their effectiveness as a scaffold. The scaffolds produced through this 
technique have acceptable surface roughness and a key advantage of this method is that post 
processing is not required [36]. Hence, if the mould is designed appropriately, accommodating 
for attachment points, stress concentrations and possesses suitable mechanical properties, this 
cracking should not act as a limitation.  
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6 CONCLUSION 
The aim of this project was to investigate the use of sugar pellets in manufacturing porous Ti 
scaffolds. Whilst prior studies have successfully produced porous scaffolds, these scaffolds do 
not meet the characteristics required for scaffolds to be successfully used in hard tissue 
applications. A previous study conducted by Chen et al. [36] investigated the use of spherical 
sugar pellets as a space holder material, and concluded that there was great potential for this 
technology in developing porous Ti scaffolds for biomedical applications. This project further 
developed the research conducted on this technology, and successfully reduced the elastic 
modulus of CP-Ti scaffolds using spherical sugar pellets as a space holder material.   
Using a space holder technique, scaffolds with porosities of 30, 40, 50 and 60 % were fabricated 
based on the volumetric amount of sugar pellets. After mixing the space holder material with 
sugar pellets, the powders were uniaxially compacted. The sugar pellets were then dissolved in 
water and finally the compacts were sintered to produce scaffolds.  
From the experiments conducted in this study, well distributed spherical macropores were 
observed in all the scaffolds. The shape of these pores limit stress concentrations that have been 
identified in other space holder materials. Cracks were observed around the macropores and 
were attributed to poor interface binding between the CP-Ti powder and sugar pellets as a result 
of the lower compaction pressure used.  
The measured porosities of the samples were approximately 5 % lower than the theoretical 
porosities. This is due to closed pores present in the scaffolds as well as shrinkage during 
sintering. Interconnected porosities of up to 94 % were achieved meaning that nearly all the 
pores were connected. A general trend of increasing porosity was observed with increasing 
sugar pellet fraction.  
The stress-strain curves for 30 % porosity scaffolds, had a linear elastic region and thereafter a 
densification stage. The behaviour of the 40 % porosity scaffolds corresponded to the ideal 
compressive stress-strain behaviour of porous scaffolds. The behaviour of the 40 % scaffolds 
also closely matched that of bone. In general, increasing porosity resulted in a more prominent 
plateau stage which has been observed in literature [47].  
Compression tests were conducted and the average elastic modulus values for 30 and 40 % 
porosity samples were 38.1 and 33.7 GPa respectively, which are comparable to that of bone 
which ranges between 4-30 GPa [8-10]. A general trend of decreasing elastic modulus for 
increasing porosity was observed. 
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The results obtained in this experiment and by Chen et al. [36]., support the use of spherical 
sugar pellets as a space holder material. Both experiments observed spherical well distributed 
macropores with a reduction in porosity after sintering. Similarly, high interconnectivity of 
pores were achieved in both studies with an increase in open pores and a decrease in closed 
pores as the porosity was increased. Both studies achieved elastic moduli values that were 
comparable to that of bone. Although the elastic moduli achieved in this study were higher than 
those achieved by Chen et al. [36], it was concluded that different compression testing 
procedures and the possible presence of sugar pellets in the scaffolds are likely explanations for 
the higher elastic moduli values.  
Overall, this technique has effectively reduced the elastic modulus and hence the effects of 
stress shielding observed in typical scaffolds. Similarly, the presence of pores promotes tissue 
ingrowth and fluid movement which is vital for biocompatibility and the longevity of the 
implant. Sugar pellets are composed of sucrose and starch, which are regularly found in the 
human body. However, the behaviour of sugar pellets in scaffolds if they are not completely 
dissolved is not fully understood. Additionally, this study did not investigate the complete 
biocompatibility of this scaffold.  
An ideal porosity cannot be recommended as the properties of bone vary with many factors 
such as age, gender, mineral content, location in the body and disease [7]. Hence, it is important 
for the fabrication process of these scaffolds to be easily adjusted to accommodate for patient 
specific needs. This fabrication process is relatively simple as the porosity can be easily 
adjusted by altering the volumetric amount of sugar pellets. However, further experimentation 
is required to determine the effects of fabrication parameters on the properties of the scaffolds.   
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7 RECOMMENDATIONS 
To get a better understanding of the potential for this new technology in fabricating porous Ti 
scaffolds for hard tissue engineering, more experimentation with regard to the physical and 
biocompatible properties is required. Some recommendations are listed in Table 7. 
Table 7: Recommendations for Future Work 
Recommendation Details 
Micro-CT scanning  This would give a better representation of the distribution 
of pores as well as determine if complete dissolution of 
sugar pellets occurred. The pore size can also be 
accurately evaluated. 
SEM Analysis An analysis of the elemental composition to determine 
the effects on the mechanical and biocompatibility 
properties of the scaffolds. 
Mechanical Testing i.e. 
compression and hardness tests 
Improve the accuracy of results by following standards 
for testing orthopaedic implants to ensure that accurate 
and consistent testing is conducted [49]. Evaluate other 
mechanical properties of the scaffolds and their suitability 
in hard tissue engineering. 
Effects of fabrication 
parameters such as; 
compaction pressure, sintering 
temperature and time 
Evaluate the effect of various fabrication parameters to 
determine if this will allow high porosity scaffolds to be 
fabricated and reduce stress concentrations. 
In-vivo studies Conduct a full biocompatibility analysis to draw 
conclusions on the effectiveness of this technology in 
meeting biocompatibility requirements. 
Alloying elements Investigate the combination of the space holder method, 
using sugar pellets as a space holder material, with a 𝛽-
stabilising alloy such as Ti-Nb. This alloy has shown 
great biocompatibility and has EM values that are very 
similar to that of bone [4]. 
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9 APPENDICES       
APPENDIX A: SAMPLE FABRICATION MASS 
The mass of the Ti-HDH powder and sugar pellets required to fabricate scaffolds for varying 
porosities, was based on the volumetric amount of sugar pellets. Table 8 lists the quantity of 
sugar pellets and Ti powders used to fabricate a single sample for each porosity.  
Table 8: Quantity of Constituents Required to Produce Scaffolds of Varying Porosities 
Porosity Sugar Pellets (g) Ti-HDH powder (g) 
0 0 3.5390 
30 
0.3591 2.4773 
40 
0.4788 2.1234 
50 
0.5985 1.7695 
60 
0.7182 1.4156 
 
APPENDIX B: POROSITY CALCULATION 
After obtaining the different masses for each scaffold as described in Section 3.3, using the 
Archimedes method the porosity was calculated.  
The sintered density for each scaffold was calculated using Equation 2.  
 
 
Equation 2 
Where: 𝜌𝐻𝐺 – density of Galden solution (1.6922 g/cm
3) 
Using the theoretical density for Ti (𝜌𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 =4.5060 g/cm
3), the total porosity of the 
sample was calculated using Equation 3. 
 
 
Equation 3 
The total porosity for each sample was made up of open and closed porosities, as described by 
Equation 4. 
 
Equation 4 
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Where: 
𝑃𝑂𝑝𝑒𝑛 (%) =
𝜌𝐻𝐺(𝑚𝑂𝑖𝑙−𝑚𝐴𝑖𝑟)
𝜌𝑂𝑖𝑙(𝑚𝑂𝑖𝑙−𝑚𝐻𝐺)
× 100  
𝑃𝐶𝑙𝑜𝑠𝑒 (%) = 𝑃 (%) − 𝑃𝑂𝑝𝑒𝑛 (%) 
𝜌𝐻𝐺 – density of Galden solution (1.6922 g/cm
3) 
𝜌𝑜𝑖𝑙 – density of Galden solution (0.885 g/cm
3) 
 
The interconnected porosity is the ratio of the open pores to the total porosity and was 
calculated using Equation 5.  
  
Equation 5 
APPENDIX C: MICROSCOPY IMAGES 
 
 
 
 
Figure 41: Microstructure of Etched 30 % Sample at a Magnification of x20 
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Figure 42: Microstructure of Etched 30 % Sample at a Magnification of x50 
 
 
 
 
 
 
 
 
 
   
Figure 43: Microstructure of Porous Samples at a Magnification of x10  
A) 30% Porosity Sample B) 40 % Porosity Sample  
C) 50 % Porosity Sample D) 60 % Porosity Sample 
 
A B 
C D 
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APPENDIX D: DIMENSIONS OF SAMPLES FOR MECHANICAL TESTING 
Table 9: Dimensions of Machined Samples 
 Diameter Height 
CP-Ti 
Trial 1 5.61 9.03 
Trial 2 5.54 9.01 
Trial 3 5.60 9.01 
30% 
Trial 1 5.60 9.07 
Trial 2 5.63 9.22 
Trial 3 5.60 9.15 
40% 
Trial 1 5.60 9.10 
Trial 2 5.58 9.13 
Trial 3 5.61 9.14 
 
 
 
